Abstract. The concepts of rapidly and automatically obtaining the stresses found in specific human teeth and performing quick parametric studies has been a persistent goal in bioengineering. Finite element analysis (FEA) is a powerful approach for human tooth stress analysis and has been applied to various dental researches. However, the whole FEA process is a major challenge to dental researchers since special simulation skills and expert knowledge in mechanics are required for constructing proper models and obtaining accurate results. This paper presents an expert system that permits dentists with no engineering expertise to obtain stress distributions accurately and rapidly for various dental applications. The expert system for 2D stress analysis of human teeth is developed on the customization platforms provided by commercial computer aided design (CAD) software (ProEngineer Wildfire 3.0, Parametric Technology Corporation, Needham, MA, USA) and FEA software (MD Patran R2, MSC Software Corporation, CA, USA), respectively. A knowledge based system is built for helping users carry out the whole FEA process automatically. Graphical user interfaces (GUIs) are constructed for inputting the necessary tooth information such as dimensions, material properties, etc. An orthodontic application is presented for showing how the expert system works. The approaches developed and applied here can be expanded to provide automatic stress analyses for many other applications as well.
Introduction
Finite element analysis (FEA) is a powerful and widely used approach in different fields of dental research since the experimental process can be simulated and repeated on the computer and be observed in virtual prototyping. For example, FEA approaches has frequently been applied to the following dental research field: a) study the strength of various dental materials, both the human body owned materials and restorative materials [1] [2] [3] ; b) predict the mechanical responses to various loads such as occlusal, orthodontic or impact loads [4] [5] [6] [7] [8] ; c) evaluate and compare the reliability of different restoration configurations [9, 10] etc. Stress distributions are the most frequently used FEA results for the above studies.
However, the complexity of the biological structure makes it an effort taking and time consuming process for generating proper tooth FE models and obtaining reliable analysis. The tooth FEA process, which involves a sequence of tasks including geometry creation, meshing generation, definition of loads, boundary conditions, material properties and element properties and convergence test etc, is a complex process requiring expert knowledge in dentistry, mechanics and simulation. It is a big challenge for dental researchers who are not quite familiar with mechanics and simulation.
Due to the complexity of FE tooth modeling, most researchers have developed models based on specific assumptions which can only be used to solve an individual problem. For simplicity, different tooth components may be disregarded in different FE models and then it causes the movement constraints defined at different locations [4] [5] [6] . In a particular case, the results may not be affected if certain components are disregarded. However, a specific FE model and the methods can't be applied to other situations and it is hard to compare the results with those of other specific models. A more general method that could be used for other purposes and comparison study would be an improvement.
The objective of this paper is to present an expert system for the dental researchers with no engineering expertise to obtain stress distributions for various dental applications intelligently and interactively. The system employs the general CAD modeling methods, which is presented in [11] and further developed in this paper, and the general FE modeling methods presented in this paper. The general FE modeling methods focus on the strategies for the whole FEA process including model definition (mesh generation, definition of loads, boundary conditions, material properties and element properties ), results display and convergence test, which is critical but ignored in most tooth FEA. As a start work, the system is developed for 2 dimensional stress analyses on natural teeth. The system based on the general methods can generate 2D CAD and FE human tooth models in both mesial-distal direction and buccal-lingual direction, and then obtain stress distributions in both the above directions; the system can solve human tooth problems in both plane stress and plane strain status. With the system, the tooth FEA process can be carried out quickly and automatically except that the definition of loads and material properties require users' interactivity. An orthodontic application is presented for showing how the expert system works.
The Expert System
System Structure. The expert system is composed of graphic user interfaces (GUIs) and knowledge base system. Users step through GUIs for CAD model creation and FEA simulation. The knowledge base system is the methods and expertise knowledge that are extracted from solid mechanics, dentistry, computer-aided geometry and CAD-FEA simulation etc. The knowledge base system is constructed of several modules each containing the tasks described as follows.
1. Geometry creation module: create tooth CAD models based on user input information of tooth types, dimensions and cross sectional directions. 2.
Shape optimization module: check and optimize the geometry for generating appropriate model.
3.
CAD to FEA transformation module: transform the geometry information from CAD software to FEA software for FEA simulation. 4 .
FEA pre-processing module: define the FE model including meshing and applying loads, boundary conditions and material properties etc. 5.
FEA analysis module: call FEA software solver for calculating of the defined FE model. 6.
FEA post-processing module: display and retrieve the results for further analysis. 7.
Convergence test module: check the convergence of the FEA results. Details for the above modules are described in [12] .
Implementation of Expert System.The system is developed on the customization platforms provided by commercial CAD software (ProEngineer Wildfire 3.0, Parametric Technology Corporation, Needham, MA, USA) and FEA software (MD Patran R2, MSC Software Corporation, CA, USA) respectively. The program for the CAD applications which include geometry creation module, shape optimization module and CAD to FEA module are written in C language, Pro/Toolkit (the customization tool for ProEngineer Wildfire 3.0); that for FEA applications which include the FEA pre-processing module, FEA analysis module, FEA post-process module and convergence test module are written in Patran command language (PCL, the customization tool for MD Patran R2).
System Working Flow. The developed system creates the CAD-FEA models and performs stress analysis on human teeth by hierarchically applying the rules and expertise knowledge stored in the knowledge base system, as illustrated in Fig. 1 .
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The stress distributions along PDL play an important role in determining if desired tooth movement is obtained through certain orthodontic treatments [5, 6] . In this case, a plane strain FEA model for a mandibular first premolar in mesial-distal view are generated for studying the stress distribution along the PDL under an orthodontic extrusive force of about 0.7N. This case is the similar to the case studying distribution along linear PDL under extrusive loads in Toms' [6] . The models are generated by using the expert system following the steps below: 1. CAD model creation. The CAD model for a mandibular first premolar is generated, as shown in Fig. 3 (a) . The following geometry data are input through Tooth Geometry Information Input Window:
i. Tooth type: mandibular first premolar ii.
Cross-section direction: mesial-distal direction iii.
Tooth dimensions: average dimensions for first premolar in mesial-distal direction [13] 
2.
FEA model definition. The finite element model, as shown in Fig.3(b) , is generated step by step:
i. Initial mesh is generated automatically. The mesh size for enamel is 0.2 mm and the global mesh size is as 0.4 mm. ii.
The vertical line force is generated. iii.
The bottom of the tooth bone is fixed. iv.
material properties are shown in Table. 2; v.
Define status as "2D plane strain" status. Run analysis. The generated FE model will be solved automatically when users select the "Analyze Model" button on the "tooth FEA" menu tree. 4.
Convergence Test. The mesh for PDL is refined for convergence test as the button "Refine Mesh for PDL" is selected. For this case, the mesh has been refined for three times for achieving the convergence of the results. Fig. 3 (c) shows the FEA model with refined mesh for PDL. The file "convergence.out" is shown in Fig. 3 (d) . The file shows that the points converged pretty well at the points. Fig. 3 (e) shows the points for which the results are calculated and recorded in "convergence.out" for convergence test. 5.
Result display. Converged results (of fourth mesh level) of von Mises stresses (von Mises), Maximum principle stresses (P1) and Minimum principle stresses (P3) along PDL, from lingual margin to labial margin, are illustrated in Fig. 3 
Summary
This paper presents an expert system for 2D stress analysis of human teeth. The system developed here: a) creates a user friendly environment for researchers and dental practitioners having no background or knowledge of solid mechanics, CAD or FEA to go through the whole FEA process for all types of teeth under any load conditions. speeds up the CAD and FEA simulation process. The time-consuming process of geometry generation and FEA model definition, usually take quite a few hours or even several days, can be completed in minutes by inputting information through GUIs and clicking various selection menus. d) makes it easy to repeat the CAD and FEA process so that parametric studies become feasible. For complicated loads situations, comprehensive descriptions for stress distributions can be achieved by carrying out combinations of plane stress and plane strain FEA with the system.
